The coherence of graphene layers on Ru͑0001͒ over extended distances has been employed to identify fcc and hcp regions of the associated moiré superstructure. These findings can be used as a straightforward method to discriminate between fcc and hcp hollow sites of Ru͑0001͒. Our approach thereby makes use of the "magnifying lens" characteristics of the graphene/Ru͑0001͒ overlayer and its coherence across several monatomic steps of the substrate. We demonstrate that the individual regions of the graphene/Ru͑0001͒ overlayer exhibit pronounced variations in interaction strengths with deposited metal atoms. Specifically, Pt clusters have been grown at 140-180 K and they are found to organize in a well-ordered periodic array defined by the moiré superlattice. Their preferred location within the graphene/Ru͑0001͒ moiré unit cell is identified to be the fcc region.
I. INTRODUCTION
The adsorption geometries of surface species are generally characterized in terms of their local binding site, i.e., on-top, bridge, or hollow site adsorption. In the latter case a distinction between hcp and fcc sites is made depending on whether a second layer metal atom is present or missing underneath of the respective threefold coordinated site. Even though associated differences in adsorption energies often are delicate, adsorbates usually discriminate quite clearly among the two similar choices. Except for very low temperatures, thermal equilibrium among the various sites is easily attained, thanks to their short distances.
Theory is, in principle, capable to resolve the differences in adsorption energies of hcp and fcc sites; 1,2 still, experimental confirmation of the exact nature of the hollow site is essential. 2, 3 Such an endeavor, however, constantly fails due to the faint imaging contrast between hcp and fcc sites in scanning tunnel microscopy ͑STM͒ even if atomic resolution is achieved. 2, 4 Thanks to a uniform stacking sequence discrimination of hcp and fcc sites is less involved for substrates with fcc as compared to hcp crystal structure, despite the similar geometry of their hexagonally close-packed surfaces. For fcc͑111͒ surfaces a slight misorientation in a well defined direction uniquely determines the step type ͑provided that the upper and lower sides of the polished sample disk are not mixed up͒; it is then straightforward to extract the locations of fcc and hcp sites within the ͑1 ϫ 1͒ unit cell as long as atomic resolution is attained, i.e., the on-top positions of substrate atoms are resolved. For the likewise hexagonal hcp͑0001͒ surfaces this procedure would not work due to orientation switching of fcc and hcp sites within the 1 ϫ 1 unit cell when moving one step down/up to a neighboring terrace.
Several methods and approaches exist to achieve such an assignment.
• The weak but nonzero contrast between fcc and hcp sites in STM might be employed and compared with calculated STM image maps to recover the precise nature of the adsorption sites ͑method A͒.
• A straightforward method would be to use adsorbates with known binding geometries ͑e.g., derived from a dynamical low energy electron diffraction-IV analysis 5, 6 ͒ as a reference frame ͑method B͒; oxygen on Ru͑0001͒, for example, occupies exclusively hcp hollow sites at all coverages.
• Yet another approach makes use of the relative coordination of lattices on neighboring terraces, separated by monatomic steps 4, 7 ͑method C͒; this analysis assumes negligible lattice distortions ͑relaxation͒ of the step edges, as well as requires a high linearity of the scanning stage in addition to atomic resolution imaging.
• In this paper we suggest to use graphene flakes extending over several steps to uniquely identify the step types and derive the location of fcc and hcp hollow sites with respect to the atomic positions of surface atoms ͑method D͒. In principle, this approach resembles method C; however, it benefits from the "magnifying lens" characteristics 8, 9 encountered when a weakly interacting graphene layer with well defined lattice constant, slightly smaller compared to the underlying substrate, is overlaid and a moiré pattern emerges in STM.
In order to simplify description of the various regions of the graphene overlattice characterized by the coordination of its carbon atoms with respect to the underlying substrate, we will label the local regions of the graphene/Ru͑0001͒ superstructure according to the substrate sites located underneath of the center of the graphene hexagons ͑in accordance with Refs. 8 and 10͒, e.g., the moiré fcc regions define those areas where the hexagons are located above fcc sites of Ru͑0001͒, etc.
For graphene grown on various transition metal substrates the observed hexagonal moiré lattices with periodicities of 20-35 Å display a vastly enhanced vertical contrast which allows an easy discrimination of the inequivalent moiré hollow regions. According to recent work of Marchini and co-workers, 11, 12 these correspond to local on-top/hcp ͑moiré fcc regions͒ and on-top/fcc ͑moiré hcp regions͒ coordinations of the two inequivalent C-atoms of the graphene hexagons; just for completion we mention that the moiré maxima ͑moiré on-top regions͒ have been associated with local fcc/hcp site occupation of the two C-atoms and with on-top sites underneath of the graphene hexagon centers.
The current high interest in preparing and characterizing graphene overlayers grown on various solid substrates 13, 14 may be divided in three main categories.
͑i͒
They may serve as a model system for free standing graphene 15 and allow an investigation of its unique electronic features, 16 as well as to explore possible applications. ͑ii͒ They can be used as a template to grow or attach other materials; the graphene layer thereby effectively reduces the interaction strength to the substrate, enhancing lateral mobility as well as easing detachment. ͑iii͒ The periodicity of 2.4612 Å for graphite is close to the lattice constants of prominent close-packed transition metal surfaces and the mismatch of about 5%-10% may lead to the formation of perfectly ordered moiré superstructures with periodicities of several nanometers. These overlattices could then be used as templates to grow uniform islands with nearly perfect long range order. 10 An important ingredient to make such a self-assembly work is provided by the varying adsorption bond strength of the various graphene moiré regions with deposited material. 9, 10, 12, 17 In a very recent overview Wintterlin and Bocquet 18 reviewed the novel field of graphene layers on metal surfaces in terms of their long range order, detailed geometrical and electronic structure and presented some of the applications and perspectives. They suggested that graphene layers may be divided into essentially two classes depending on the interaction strength of graphene with the underlying substrate. Weakly interacting graphene on SiC or Ir͑111͒ yield nearly perfect Dirac cones ͑thanks to band gaps at the edges of the Brillouin zone͒ 13, 19 and these layers could be characterized as virtually freestanding graphene sheets. Due to their substantial distance to the substrate these graphene layers are expected to remain more or less undistorted, which is confirmed by recent STM data on graphene/Ir͑111͒ with its relatively small corrugation amplitude of about 0.27 Å. 10 For the more strongly interacting substrate Ru͑0001͒ this value amounts to 1-1.5 Å and, according to surface x-ray diffraction 11 
͑SXRD͒
and various theoretical calculations, 12, 20 the large apparent corrugation of the graphene overlayer is indeed mostly geometrical and to a lesser extent electronical. [21] [22] [23] In addition, the graphene layer's warping is accompanied by a substantial vertical relaxation of the uppermost Ru layers by about 0.2 Å. 24 The lowest-lying C-atoms are located 2.2 Å above an underlying Ru, 12, 24 as compared to 3.7-3.9 Å on Ir͑111͒ ͑Ref. 10͒ or Pt͑111͒, 25 which has been taken as clear evidence for a chemical rather than a Van der Waals interaction of graphene on Ru͑0001͒. 24 This conclusion is supported by x-ray photoemission spectroscopy data revealing a high degree of orbital hybridization between graphene and Ru͑0001͒. 26 Not unexpectedly, the Dirac cones of graphene/Ru are barely recognizable. 27 Interestingly, graphene on Ru͑0001͒ is forming a ͑25 ϫ 25͒ graphene on ͑23ϫ 23͒ Ru structure consisting of four moiré subcells, as deduced from SXRD data; 24 the long range order as seen by STM, however, does not usually discriminate between these subcells leading to a moiré periodicity of about 30 Å. 11, 21, 28, 29 Also, the graphene lattice on Ru͑0001͒ does not always align perfectly along the Ru atoms rows; rather the graphene and Ru͑0001͒ lattices may be misoriented with respect to each other by few degrees. 11, 21 Remains to mention graphene on Ni͑111͒, 30 a likewise strongly interacting system, but a rather special case with the Ni͑111͒ lattice constant virtually identical to graphene, resulting in lattice matched graphene layers with ͑1 ϫ 1͒ long range order.
II. EXPERIMENTAL
The STM measurements were carried out in an UHV chamber ͑base pressure p Ϸ 5 ϫ 10 −11 mbar͒ using a room temperature STM ͑DME Rasterscope͒. The STM is usually operated in the constant current mode; typical settings for STM data acquisition were a tunneling current of about 0.5 nA at a bias voltage of 0.2 V. Pt was evaporated at rates of about 5 ϫ 10 −4 ML/ s by resistive heating of a 100 m thick foil ͑Goodfellow, purity Ͼ99.99%͒ mounted on a liquid nitrogen cooled holder. Pressure increase during evaporation typically was 1 ϫ 10 −10 mbar. During Pt deposition the sample temperature could be set to 100-600 K, as measured by a thermocouple attached to a sample mounting block. Gas exposures were performed by a capillary ͑ = 2.0 mm͒ in front of the sample when mounted to the heating stage. Sample cleaning was carried out according to standard procedures by Ar + ion-sputtering and oxygen dosing/heating cycles. The T-shaped Ru crystal had a size of 5 ϫ 5 mm 2 ͑front side͒, and was oriented within Ϯ0.5°of the ͑0001͒ direction, leading to an average step-step distance was about 300 Å. It was clamped onto a Ta plate which could be transferred from the STM to either the Pt source, a sample mount in front of the sputter gun, or attached to a heating stage where it could be cooled to 150 K and flashed up to 1600 K. Temperatures in this latter stage were measured using an indium-antimonide infrared detector, calibrated with a pyrometer and/or a dummy sample with thermocouple attached. Calibration of the scanner ͑lateral dimensions͒ is attained by preparing a well-ordered Ru͑0001͒-͑3 ϫ 3͒-͑benzene+ O͒ coadsorbate layer 31 with its defect-free domains extending over dozens of nanometers. The vertical scale has been set according to the known step height of Ru͑0001͒.
III. RESULTS AND DISCUSSION
A. Growth of graphene monolayers on Ru"0001… Graphene layers may be grown either by surface segregation of bulk carbon 11, 21, 32 or by thermal dissociation of ͑unsaturated͒ hydrocarbons, e.g., ethylene. 10, 21, 24, 27, 28, [32] [33] [34] [35] Our graphene on Ru͑0001͒ layers have been grown by adsorbing benzene at low T and subsequent annealing to 1000-1300 K, or by exposing the surface to benzene at this high T. In the former case several cycles were required to obtain extended graphene areas since saturation of chemisorbed benzene on Ru͑0001͒ is limited to 0.15 ML, corresponding to a C:Ru ratio of 0.9. 36 As 10% of chemisorbed benzene desorbs intact ͑benzene on a graphene monolayer desorbs completely͒ and C : RuϷ 2 , 36 for graphene/Ru, 24 our observation of about 30% surface coverage after 1 cycle is in accordance with expectation. The quality of the graphene layers, especially the long range order was better for benzene exposures at elevated T and could be further improved by applying an extra postgrowth annealing step. For Figs. 1 and 2 benzene has been adsorbed to saturation at T = 170 K and the sample annealed to successively higher T ann . Our observations regarding the temperature dependency of the growth of graphene flakes largely agree with similar reports on the growth of graphene on Ir͑111͒ ͑Ref. 37͒ and will be briefly described in the following.
• At low T ann = 900-1000 K graphene islands are scattered randomly across the surface ͑Fig. 1͒. A novel aspect in terms of graphene growth is introduced by our study insofar as we detect numerous uniform graphene platelets ͓diameter Ϸ 10-12 Å; see line scan of Fig.  1͑c͔͒ in parallel to the existing more extended graphene islands. The locations of these hexagonal nanoislands ͑with a slight tendency toward a triangular shape͒ on the Ru͑0001͒ surface is more or less random. It is suggested that the graphene platelets represent the stable precursors of more extended graphene islands or "carpets." Direct attachment of carbon atoms to graphene islands seems to play a subordinate role only, at least for benzene decomposition at not too high temperatures. We note that despite their similarity to the dehydrogenated coronene islands observed on Ir͑111͒, 37 our case is different since on Ru͑0001͒ these nanoislands must have formed by synthesis of smaller units, i.e., carbon atoms or benzene cores. As to their uniform size we suggest that an increasing lattice mismatch at the rim of growing islands limits their size, and/or enhances their probability of merging with existing more extended graphene islands. Their mere observation, however, suggests that the graphene platelet's mobility at about 1000 K is still relatively low; possibly, an energetic barrier exists preventing an easy attachment of graphene platelets to existing graphene islands. The energetics and growth kinetics of graphene islands on Ru͑0001͒ was very recently modeled by Loginova et al. 38, 39 and indeed such a barrier ͑⌬E b =2 eV͒ was suggested.
• T ann Ϸ 1100 K resulted in graphene being preferentially attached to Ru steps ͑not shown͒. Graphene platelets are still observed, however, at a considerably reduced number.
• T ann Ϸ 1200 K lead to the formation of wide-stretched graphene islands extending over an entire terrace or even traversing several step edges ͑Fig. 2͒. The graphene long range order, however, is relatively poor, most likely due to recombination of neighboring, smaller graphene flakes to form larger units. We note that the defect density for the small islands is much better than for the larger ones; interestingly, their size always tends to be a multiple of the graphene/Ru moiré unit cell. This means that, similar to graphene on Ir͑111͒, 36 Smoluchowski ripening 40 ͑mobile islands merge͒ rather than Ostwald ripening 41 ͑C-atoms detach from graphene islands to migrate to larger, more stable, islands͒ prevails. • Interestingly, the islands have a tendency to reshape the original Ru͑0001͒ step edges in an attempt to enhance the boundary zone ͑→ wetting behavior of two quasitwo-dimensional crystalline solids͒. As this process continues, the graphene flakes more and more resemble areas embedded in the surface layer rather than representing graphene layers floating a few angstroms above the Ru͑0001͒ terraces.
• Perfect graphene carpets extending over many steps and with the graphene/Ru͑0001͒ moiré aligned along the Ru atoms rows ͑sometimes with a slight misalignment͒ are formed when benzene has been adsorbed and dissociated at T Ϸ 1000 K and postannealed at T ann Ϸ 1200-1250 K ͑Fig. 3͒. In accordance with literature 11 we observe a reshaping ͑straightening͒ of the Ru͑0001͒ step edges. In addition, interaction between Ru͑0001͒ and graphene leads to kinks the size of the moiré unit cell in case that the original Ru step edge orientation deviates too strongly from the Ru͑0001͒ atom rows ͑see also Ref. 11͒. It is therefore suggested ͓in accordance with similar findings for graphene on Ir͑111͒ ͑Ref. 37͔͒ that the growth of graphene at elevated T induces Ru mass transport over "long" distances. Note that the coordination of graphene moiré maxima with respect to kinks as well as to step edges is always kept alike, which means that the observed structures represent local thermodynamic equilibrium structures.
• Temperatures in excess of 1400 K resulted in bulk diffusion, reducing the surface carbon coverage ⌰ C .
Using C 2 H 4 as a carbon source very similar observations in terms of graphene growth on Ru͑0001͒, namely, the formation of nanographene clusters at T = 900-1000 K and the growth of extended graphene islands at T Ϸ 1200 K, preferentially located at step edges have been reported very recently. 34 A particularly interesting aspect is added in this work by intercalating oxygen atoms between the graphene layer and the Ru͑0001͒ substrate, thereby weakening its interaction strength as deduced from the substantially reduced corrugation amplitude of the graphene moiré lattice.
In no case did we observe bilayer graphene, which we attribute to the low bulk carbon content of our Ru͑0001͒ sample; note that bilayers can be grown only by means of surface segregation of bulk carbon 28, 32 since decomposition of hydrocarbons on Ru͑0001͒ at elevated T to form a graphene monolayer is a self-limiting process.
Using and   FIG. 2 . ͑a͒ STM image ͑2000ϫ 1850 Å 2 ͒ of Ru͑0001͒ exposed to benzene at 170 K ͑i.e., the layer of Fig. 1͒ and annealed to 1200 K. Extended patches of rather defective graphene/Ru͑0001͒, consisting of smaller units with much better long range order ͑moiré periodicity a m Ϸ 30 Å͒ are formed. The island borders adjust to the moiré superstructure and tend to align parallel to substrate atom rows. Graphene platelets have converted to small islands or merged with larger graphene sheets. ͑b͒ Enlarged section of ͑a͒ displaying graphene islands located on the plain terraces, attached to the lower step edge ͑thereby reshaping it͒, or extending across Ru͑0001͒ step edges ͑image size 700ϫ 700 Å 2 ͒. ͑c͒ Several line scans across monatomic steps of Ru͑0001͒ as indicated by the lines in ͑b͒: ͑i͒ with and ͑ii͒ without a graphene island attached to the step ͑blue and black curves, respectively͒, as well as ͑iii͒ crossing an isolated graphene island on a plain terrace ͑green curve͒.
The corrugation height of the graphene overlayer amounts to ␦z corr Ϸ 1.1 Å and the average height of graphene above the Ru͑0001͒ surface is ⌬z C = 1.6-1.7 Å.
FIG. 3. STM image ͑400ϫ 300 Å
2 ͒ of Ru͑0001͒ with virtually the entire surface covered by graphene, produced by dissociating benzene at about 1000 K and flashing to 1250 K thereafter. The graphene carpet extends over several step edges so that the coherency of the graphene moiré superstructure is maintained on neighboring terraces. The lateral shift ⌬ m ЌA/B of the graphene "lattice" when traversing A or B type of steps is due to the lateral offset of substrate atoms on neighboring terraces and ͑to a much smaller extent͒ due to a bending of the graphene sheets.
k Ru =2 / a Ru =2 / 2.706 Å −1 , the observed moiré periodicity of a m =30Ϯ 1 Å ͑for parallel k ជ C and k ជ Ru ͒ is in accordance with a C = 2.482Ϯ 0.006 Å for the periodicity of the graphene hexagons. We conclude that the graphene lattice is about 1% expanded with respect to graphite ͑d C-C = 2.4612 Å͒, which we attribute to the weakened C-C bond strength as a result of the Ru-C chemical bonding. The apparent moiré corrugation amplitude was about 1 Ϯ 0.3 Å, depending on bias voltage; the observed distance between graphene and Ru͑0001͒ ⌬d C-Ru = 1.6-1.7 Å ͓see line scan in Fig. 2͑c͔͒ is in agreement with Sutter et al. 28 In accordance with Marchini et al., 11 we find that the overall appearance of the graphene/Ru moiré in our STM images depended on the applied bias voltage ͑sample potential͒. Specifically, we have observed either the standard graphene moiré patterns with one maximum and two inequivalent minima per unit cell, or, triangular shaped ringlike maxima.
B. Identification of fcc and hcp regions within the graphene/Ru"0001… moiré unit cell
A quite common observation encountered for graphene lattices grown at high T on various transition metal surfaces is that the graphene flakes may extend over several step edges in a carpetlike manner without any sign of disruption or other type of structural defect. 8, 9, 11 Thereby step edges tend to straighten up along the substrate atom rows and the moiré lattice aligns parallel to these. In a recent study Sutter et al. 28 observed that such growth over steps does occur for Ru͑0001͒ as well, although only in the downhill direction, i.e., that coherence of graphene flakes across step edges is possible. Figure 4 ͑among others, e.g., Fig. 2͒ clearly corroborates this finding and furthermore, demonstrates that growth across step edges occurs for isolated islands as well. We note, however, that islands of the displayed type form only occasionally under the present conditions, i.e., when hydrocarbons are adsorbed at low T and slowly annealed until graphene islands form; best results in this respect are obtained when graphene is grown at high temperatures T Ϸ 1000 K by thermal dissociation of hydrocarbons. The role of steps to act as nucleation centers for the growth of graphene thereby appears to be much lower for Ru͑0001͒ when compared to Ir͑111͒, 37 as graphene islands are found equally well on Ru͑0001͒ terraces and at step edges.
In the following we will describe the identification and discrimination of the two types of Ru͑0001͒ step edges occurring consecutively. Specifically, we will make use of the relative coordination of the graphene lattices on the upper and the lower terraces, as indicated by the lateral offset of moiré maxima on both sides of the Ru step edges. Our analysis thereby follows the approach presented recently by Coraux et al. 8 who analyzed graphene layers extending over step edges of an Ir͑111͒ substrate.
Before determination and discrimination of moiré-fcc and moiré-hcp regions are exemplified, we like to recall that the position of fcc and hcp sites within the Ru͑0001͒ unit cell reflects itself in the relative locations of moiré-fcc and moiré-hcp regions within the moiré unit cell ͑see Fig. 4 of Ref. 9 or Fig. 7 of Ref. 11͒. Specifically, fcc sites of Ru͑0001͒ and moiré-fcc regions are located in the center of oppositely oriented triangles, defined by on-top sites and moiré-on-top regions, respectively. This means that if we succeed to identify moiré fcc and hcp regions of graphene, it is straightforward to determine fcc and hcp sites of Ru͑0001͒.
In Fig. 5 we show a graphene flake extending over several monatomic steps of the Ru͑0001͒ substrate. Apparently, during its formation the Ru step edges rearranged themselves so that a well defined coordination of the Ru step edges with respect to the moiré structure is created, in accordance with FIG. 4 . STM image ͑250ϫ 200 Å 2 ͒ of Ru͑0001͒ exposed to benzene at 170 K and annealed to 1200 K; the shown graphene island, extending across a monatomic ͑A type͒ Ru͑0001͒ step edge, has been imaged at another location of the sample displayed in Fig. 2 . Thereby, the edges of the graphene island have a pronounced tendency to align along substrate atom rows and the island size to adjust to multiples of the graphene unit cell.
FIG. 5. STM image ͑300ϫ 570 Å
2 ͒ of Ru͑0001͒ with virtually the entire surface covered by graphene, produced by dissociating benzene at about 1000 K and flashing to 1250 K thereafter. As in Fig. 3 , the graphene carpet extends over several step edges with the coherency of the graphene moiré superstructure maintained perfectly. We have indicated the max-max distances of the graphene moiré superstructure on the flat terraces, ⌬ m Ќ , and when traversing A / B type of steps, ⌬ m ЌA/B ͓which come along consecutively for hcp͑0001͒ surfaces with a slight misorientation͔. The fcc and hcp regions of graphene/Ru͑0001͒ as deduced from our analysis are indicated by arrows.
observations of Marchini et al. 11 and a suggested strong C-Ru interaction. More precisely, the position of the graphene/Ru moiré maxima with respect to the Ru step edge is perfectly reproduced for the two step types; however, while this coordination is maintained to a high degree for each particular step type, it is different for A and B types of steps. There exists a clear preference of the graphene lattice to align along the substrate atom rows and to straighten up step edges, similar to earlier observations on Ir͑111͒. 8, 9 The coherence of the graphene/Ru moiré lattice and Ru step edges thereby seems to be even better than observed for graphene on Ir͑111͒ with its relatively weak graphene-Ir interaction strength.
When traversing a step edge of the underlying substrate the strictly periodic moiré superstructure experiences an offset perpendicular to the step edge. This offset is the sum of two contributions 8 ͓step edge relaxation would be a third one, but we will neglect this effect since it is restricted to the immediate vicinity ͑less than 15 Å͒ of the step edges 42 ͔.
͑i͒ The bending of the graphene lattice when traversing the steps causes the graphene to retract by a certain amount ⌬ C Ќ ͑few tens of angstrom͒ perpendicular to the step edge. As we will show below, ⌬ C Ќ amounts to 0.1-0.15 Å for graphene on Ru͑0001͒, independent of the step type. ͑ii͒
The lateral shift of consecutive substrate layers leads to a displacement of substrate atoms ⌬ Ru Ќ perpendicular to the step edges. For A type of steps ͓see and ⌬ Ru ЌB , we can determine the slight lateral offset of the graphene layer due to the warping as it spreads from one terrace to the neighboring one.
According to
͑a derivation of this expression is given in the Appendix͒ for A or B type of steps, the step induced shift of the moiré maxima should equal
for A type steps and
for B type steps; here, n A/B are integers which depend on the particular choice of moiré maxima in our analysis. The difference ⌬ m ЌA − ⌬ m ЌB does not contain the cumbersome shift ⌬ C Ќ due the graphene bending and we obtain
which is in fact reproduced perfectly ͑with the integer n = n A − n B =1͒. Quite similarly, we can determine the quantity ⌬ m ЌA + ⌬ m ЌB for which the lateral offsets of both types of steps cancel out and we are left with a term containing the shift ⌬ C Ќ ͑graphene bending͒, i.e.,
From this expression we derive ⌬ C Ќ = −0.029a C Ќ = −0.125 Å ͑for n A + n B =3͒. The minus sign indicates that the bending leads to an apparent retraction of the graphene lattice when traversing a step, in accordance with expectation. We have also considered a reversed assignment of A and B types of steps in our analysis. This would, however, lead to unrealistic and dissimilar values of ⌬ C Ќ for A and B types of steps ͑Ϫ1.54 and Ϫ3.00 Å, respectively͒ so that such a reversal ͑as compared to Fig. 5͒ can definitely be ruled out.
As evident from crystallography and depicted in Fig. 6 , A type ͑B type͒ steps of an hcp͑0001͒ surface have their hcp ͑fcc͒ sites located in a triangle ͑formed by substrate atoms͒ pointing away from the step edge ͑on the upper as well as the lower terrace͒. The reverse then applies for the fcc and hcp regions of the graphene/Ru͑0001͒ moiré superstructure and we conclude that the respective regions are as indicated in Fig. 5, i. e., the brighter of the two moiré minima denote fcc regions of graphene/Ru͑0001͒.
C. Growth of Pt clusters on the graphene/Ru"0001… moiré overlayer
We have now further investigated whether Pt on the one hand and graphene on the other represent a good combination to grow well-ordered arrays of ͑sub-͒ nanometer sized metal clusters with the long range order induced by a preferred nucleation within the graphene/Ru͑0001͒ moiré unit cell. In recent work well-ordered arrays of Ir, Pt, W, and Re clusters have been grown on a graphene/Ir͑111͒ moiré lattice. 10, 43 Thereby the preferred locations of the clusters were identified as moiré-hcp regions, i.e., with the graphene hexagons located above hcp sites of the underlying Ir͑111͒ substrate. 9, 10 According to Wintterlin and Bocquet 18 graphene/Ir͑111͒ represents a weakly interacting system with a relatively large graphene-Ir interlayer distance ͑Ref. 19͒; in accordance with expectation, this weakly interacting graphene layer displays a mere 0.2-0.3 Å apparent corrugation of the moiré superstructure in STM images. 10 Its origin is predominantly geometrical, as density functional theory ͑DFT͒ calculations revealed a warping of the graphene layer of the same magnitude. 10 It should be mentioned, however, that corrugations in STM images may vary considerably with bias voltage; for graphene on Ir͑111͒ even a contrast inversion has been observed. 9 Graphene on Ru͑0001͒, on the other hand, represents a much stronger interacting system 12, 24, 26, 27 with substantial geometrical distortion of graphene ͑vertical corrugation/ relaxation͒, as well as of the Ru͑0001͒ surface. 12, 24 As to the origin of the pronounced corrugation of the graphene/Ru moiré in STM, there exists some controversy regarding the extent of the electronic contribution as opposed to a more or less purely geometrical warping of the graphene monolayer. [21] [22] [23] The latter supposedly arises due to the spatial variation of the relative locations of carbon and Ru atoms leading to periodically varying Ru-C bond strengths and lengths. This fact lead Martoccia et al. 24 to conclude that the graphene/Ru͑0001͒ system might be a good candidate to grow isolated metal nanoislands. More precisely, an enhanced substrate bond strength of the carbon atoms will cause a local distortion of the otherwise flat graphene lattice, in conjunction with a sp 2 → sp 3 rehybridization. 12, 20 For graphene on Ir͑111͒ Feibelman 17 suggested that C-atoms adjacent to those carbon atoms forming strong substrate bonds ͑i.e., those above substrate atoms͒ exhibit an enhanced reactivity toward binding metal atoms on the vacuum side of the graphene layer; a similar argument probably applies to the graphene/Ru͑0001͒ system. 20 In Fig. 7 increasing amounts of Pt have been deposited at a growth temperature T g = 140-180 K onto our graphene/ Ru͑0001͒ layers and warmed up to 295 K for STM imaging. At a deposition rate of 5 ϫ 10 −4 ML/ s the growth temperature of about 150 K represents optimum conditions regarding formation and ordering of Pt clusters. Pt growth at lower or higher substrate temperatures T g lead to increased amounts of randomly positioned clusters ͑T Ͻ 120 K͒, or to the formation of larger and fewer clusters ͑T Ͼ 190 K͒.
Most importantly, we find that deposited Pt produces well defined clusters arranged periodically within the moiré lattice defined by monolayer graphene on Ru͑0001͒. In the series of Fig. 7 the Pt coverage ⌰ Pt has been varied by using identical settings to heat our Pt foil, while increasing the evaporation time span. The ⌰ Pt values have been examined by imaging ͑monolayer͒ Pt islands formed on clean Ru͑0001͒ areas. An estimate of the average number of Pt atoms within the islands in Figs. 7͑a͒-7͑d͒ is given in Table   I , along with the filling factor of the graphene/Ru͑0001͒ moiré unit cells and a quantification of the relative fraction of islands exceeding monolayer height. In accordance with previous studies of Ir clusters formed on graphene/Ir͑111͒ ͑Ref. 10͒ we distinguish three different regimes.
͑i͒
Nucleation regime ͑⌰ Pt Ͻ 0.05 ML͒: islands with similar size form at well defined locations within the moiré unit cell. With increasing Pt amount the density of islands increases steadily while their size remains about the same, or increases only slowly. There seems to exist a minimum size ͑presumably hexagonal islands with seven Pt atoms͒ and this may be due to our room temperature imaging, i.e., annealing of the samples. The preferred location within the moiré unit cell is the brighter of the two moiré minima, which according to our analysis in Sec. III B are the fcc regions. ͑ii͒ Growth regime ͑0.1 MLϽ⌰ Pt Ͻ 0.5 ML͒: virtually all moiré unit cells contain a Pt island. While the long range order clearly signals an identical location within the graphene/Ru moiré unit cell, the uniformity and height of the islands display some variation; the fraction of islands with a height exceeding one monolayer increases steadily with ⌰ Pt ͑see Table I͒ . ͑iii͒ Coalescence regime ͑⌰ Pt Ͼ 0.5 ML, not shown͒: due to their increasing size, neighboring Pt islands may recombine to form larger units extending across borders of a moiré unit cell. Due to negligible overall mobility of the merged islands their position is somewhat off from the preferred locations found for the smaller islands.
In parallel to our study Zhang et al. 35 performed similar experiments with Pt deposited onto graphene/Ru͑0001͒ at 121 K ͑and warmed up to room temperature for imaging͒. They observed highly dispersed Pt clusters with about uni- form size ͑ Ϸ 30 Å͒, with the preferred location within the graphene moiré unit cell being the brighter of the two hollow regions, in accordance with our conclusion. At variance to our observation of perfectly periodic arrays of Pt islands, their clusters are randomly distributed which could be due to their lower deposition temperature, different Pt deposition rates, or total Pt coverage. Just for completion we mention that our low temperature deposition experiments ͑T g Ϸ 100 K͒ yielded a much higher density of smaller sized Pt cluster.
We have also acquired series of images in order to analyze the structural stability of the Pt islands ͑not shown͒. Briefly, Pt islands observed in our study did never exhibit a lateral motion between different regions of the moiré unit cell or across moiré unit cell borders, unless induced by our STM tip. This restriction does not apply to motion of Pt atoms within the cluster itself. Specifically, there is always a considerable fraction of clusters displaying a frizzy appearance, while others seem to be entirely stable; this characteristic is already in evidence in Fig. 7 and we have now enhanced contrast to better emphasize this property and at the same time clearly display the graphene overlayer underneath in Fig. 8 . We find that stable islands for the most part remain stable while those islands with a frizzy appearance likewise tend to stay this way, even after prolonged observation.
We suggest that frizzy clusters contain a stable core plus one or two extra Pt atoms which are much less strongly bound and therefore mobile at 295 K. In accordance with Feibelman 44 we expect stable clusters to contain only 120°c orners, i.e., each Pt atom of these clusters is bonded to at least three other Pt atoms. In case that an additional Pt is attached to such a magic cluster, it will have only two neighbors, leading to much reduced diffusion barriers and an accordingly enhanced mobility.
Jumps of the extra atom͑s͒ from one cluster to a neighboring one as indicated by a transfer of the island's frizzy appearance do happen, although quite infrequently. We conclude that single Pt atoms on graphene are unfavored with respect to the Pt atoms within a cluster ͑e.g., compared to those "satellite" atoms attached to stable cluster cores͒. This means that the suboptimal sites at the periphery of a cluster are still favored as compared to detachment. Assuming an attempt frequency of 10 13 s −1 and kT Ϸ 25 meV at room temperature, we estimate the relevant detachment activation energy to be approximately 1.0 eV; about 10-15 events ͑transfer of frizzyness to a neighboring island͒ per 400 islands within an observation time of 200 s, which gives a rate R Ϸ͑1-2͒ ϫ 10 −4 s −1 ͒. One example is provided by Figs. 8 and 7͑b͒, displaying identical locations at different times ͑⌬t = 220 s͒. Here, the three-layered island at the bottom of the images suddenly turns frizzy while all other islands remained unchanged.
It is intriguing that many islands of Fig. 8 look like identical twins. For some of the stable Pt islands we have therefore added dots in order to indicate the number and location of Pt atoms within the cluster. It is apparent that the majority of monolayer clusters contains 12 Pt atoms and that the larger ones tend to be double layer islands.
D. Manipulation of Pt clusters on graphene/Ru"0001… using the STM tip
Finally, we like to address an issue which has puzzled us for a while when we started imaging Pt clusters on graphene overlayers. Namely, the fact that extended empty areas may be encountered despite ample Pt clusters being present in others. By varying tunneling conditions, we realized that our Pt islands can easily be picked up by our Pt/Ir STM tip if tunneling resistance is too low, i.e., R T Ͻ 10 9 ⍀ and tunneling currents exceed 100 pA. We therefore used currents below 50 pA with bias voltages of about 100 mV, which proved reasonably safe, even during extensive scanning. Reducing R T leads to an occasional pickup of islands which could also ͒ of 0.12 ML Pt deposited onto graphene/Ru͑0001͒ at T g = 145 K and warmed up to 295 K for imaging. The color scheme has been adjusted in order to better display the corrugation of the graphene template in parallel to the Pt islands occupying the fcc regions of the graphene moiré overlayer. The displayed image location is identical to Fig. 7͑b͒ , and was taken 220 s earlier, using the same settings for tunneling ͑U bias = 0.1 V , I =50 pA͒. The dots added to some of the clusters indicate the number and location of Pt atoms within the first layer of the islands; the number of Pt layers of the four marked islands are ͑from left to right͒ two, three, one, and one. be induced more selectively by applying voltage pulses at particular locations. Again comparing Figs. 8 and 7͑b͒, we realize that an island in the upper right quarter of the image has disappeared. Possibly, the frizzy appearance has triggered contact with the tip and resulted in pickup while scanning.
The direct observation of an island being picked up spontaneously by our tip while imaging is displayed in the series of Figs. 9͑a͒-9͑d͒. All four images have been taken consecutively with identical scanning settings, I T = 1.09 nA, U bias =15 mV ͑applied to the sample͒. It is quite obvious that picking up the Pt island has elongated the STM tip in Fig.  9͑b͒ , leading to an offset of the z-scale. Larger scale images demonstrating the removal of this particular Pt island are shown in ͑e͒-͑g͒, with ͑e͒ taken before and ͑f͒ or ͑g͒ after the series ͑a͒-͑d͒. We note that in no instance did we ever observe such a tip induced manipulation process for Pt island deposited on clean Ru͑0001͒. At present the pickup process has been verified by different means: ͑i͒ removal of an island while neighboring islands remain unchanged; ͑ii͒ elongation of the Pt/Ir tip by a few angstroms; ͑iii͒ spontaneous deposition of previously acquired Pt from our STM tip to nongraphene covered clean Ru͑0001͒. Re deposition onto graphene/Ru͑0001͒ was not possible, unless strong voltage pulses ͑occasion-ally used to clean the tip͒ were applied.
An alternative process to pickup, again encountered at low R T , was lateral dragging of Pt islands. In Fig. 9͑f͒ an example of such tip induced lateral displacement of a Pt island ͑without pickup͒ is demonstrated; interestingly this dragging occurs in both directions with respect to tip scanning, according to a detailed analysis of Fig. 9͑f͒ line by line. Despite the seemingly clear conditions for their activation, both processes depicted in Figs. 9͑a͒-9͑f͒ occur more or less statistical which is why, for the time being, we restrained from actually producing artificial structures on the nanometer scale this way.
IV. SUMMARY
The growth, structure, and adsorptive properties of graphene on Ru͑0001͒ has been investigated in detail. Based on the coherence of the graphene lattice extending over several Ru step edges, we have identified A and B types of Ru͑0001͒ steps and determined fcc as well as hcp regions of the graphene/Ru͑0001͒ moiré. This approach represents a convenient way to discriminate fcc from hcp sites of Ru͑0001͒. We have further demonstrated the suitability of graphene/Ru͑0001͒ to serve as a template for growing periodic arrays of uniform platinum nanoislands. Thereby Pt clusters are found to occupy exclusively fcc regions of the graphene/Ru͑0001͒ moiré unit cell. This finding is in accordance with expectations based on theoretical ͑DFT͒ model calculations performed for Ir clusters grown on graphene/ Ir͑111͒. Pt islands are found to be structurally stable at room temperature; they may, however, exhibit some distinct frizzyness which is attributed to some of the islands consisting of stable cores with one or two weakly bound Pt atoms additionally attached. Finally, we have shown that Pt islands can be readily picked up or laterally displaced by the STM tip at tunneling resistances R T Ͻ 10 9 ⍀.
APPENDIX: ANALYSIS OF THE GRAPHENE MOIRÉ LATTICE DISCONTINUITY AT A AND B TYPE OF STEPS
The periodicities of the Ru͑0001͒ substrate, graphene lattice, and graphene/Ru͑0001͒ moiré superstructure are defined by the wave vectors k ជ Ru , k ជ C , and k ជ m , respectively, with k Ru =2 / a Ru = 23. 
simplifies to ⌽ m = 2 = ⌽ C − ⌽ Ru = n C 2 − n Ru 2, ͑A2b͒
i.e., n C = n Ru + 1. We will now introduce a monatomic step which will lead to extra phase shifts of ⌽ Ru and ⌽ C due to either the lateral displacement of substrate atoms for consecutive substrate layers or the bending of the graphene sheet, respectively. Since the moiré lattice always tends to align along the substrate atom rows, as do the step edges of our Ru͑0001͒ substrate we consider the directions perpendicular to the step edges only. All wave vectors k i Ќ then will be smaller by a factor ͱ 3, e.g., k Ru Ќ = k Ru / ͱ 3=2 / ͱ 3a Ru = 13.41 nm −1 , while the distances necessary to induce a phase change of 2 increase by ͱ 3. FIG. 9 . ͓͑a͒-͑d͔͒ STM images ͑100ϫ 100 Å 2 each͒ of a Pt island on graphene/Ru͑0001͒ that gets picked up by our STM tip during scanning. ͓͑a͒-͑d͔͒ Tunneling current was I T = 1.09 nA, bias voltage U bias = 15 mV. Larger scale images ͑350ϫ 300 Å 2 each͒ are shown in ͑e͒-͑g͒, with image ͑e͒ taken before, and ͑f͒ or ͑g͒ after the series ͑a͒-͑d͒. In ͑f͒ lateral dragging of a Pt island along and opposite to the scanning direction is observed. Tunneling settings were I T = 0.46 nA, U bias = 150 mV for ͑e͒, and I T = 0.65 nA, U bias = 71 mV for ͑f͒ or ͑g͒. The horizontal lines in images ͑c͒ and ͑d͒ displaying the empty graphene/Ru͑0001͒ overlayer are due to spontaneous changes of the tip leading to slight apparent offsets of the image plane.
